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Abstract 
Short cycle times and a high level of automation are outstanding features of manufacturing processes with thermoplastic 
composites. Additionally, the repeatable formability and weldability of thermoplastics enables adapted joining techniques 
like warm-shaped loop connections. This paper covers studies on the manufacturing of loop connections, performed 
during stamp forming of the composite structure. Simple loop joints with flat welding zones are analysed both, 
experimentally and numerically. Based on that, improvement strategies to optimise the loading behaviour are discussed 
and loop connections with profiled welding zones are designed to improve the peel resistance. For validation of the design 
concept, numerical analyses are conducted using an enhanced material definition including failure mode dependent 
stiffness degradation. Additional processing studies and mechanical tests are used to evaluate the adapted joint design, 
demonstrating the improved load bearing behaviour. 
© 2013 The Authors. Published by Elsevier Ltd. 
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1. Introduction 
Due to their wide range of adjustable material properties, composites are predestined for many lightweight 
applications. The increasing demand for the use of composites with thermoplastic matrices, especially in the 
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automotive industry, is strongly connected to its efficient processing, suitable for mass manufacturing [1]. 
However, the specific material properties of thermoplastics require adapted joining methods. For instance, 
bonding of thermoplastics often is difficult, because of the low surface energy that has to be increased by 
plasma and flame treatment or chemical activators to link to epoxy-resin based adhesives [2-4]. In order to 
apply screw connections for high load application efficiently, it is necessary to predict and compensate the 
clamping load reduction, arising from the time-dependent matrix relaxation [5-7]. 
Beyond that, inherent material properties like the repeatable formability and weldability of thermoplastics 
enable adapted joining concepts. Common positive locking mechanisms, particularly in the aviation industry, 
are bolted or riveted joints. The required holes usually are drilled, locally weakening the composite by cutting 
the fibre structure. Using thermoplastic matrices, the holes can be formed efficiently, enabling improved load 
bearing capacity [8]. An alternative positive-locking joint, applied for the introduction of highly concentrated 
heavy loads is the loop connection. However, due to the manual draping effort and the use of thermosets, 
conventional loop connections are very extensive [9, 10]. 
In this paper an alternative manufacturing concept for loop connections is described. Experimental 
investigations evaluate the load bearing behaviour and the failure mode. Numerical analyses are conducted to 
represent the results of the tests. Therefore, a self-developed material model is applied, taking the failure 
mode of the laminate into account. Based on the experimentally and numerically observed failure behaviour, 
design improvements are proposed. In order to evaluate the preferred approach additional tensile tests on 
manufactured specimen are conducted and compared to numerical analyses. 
2. Manufacturing 
The manufacturing concept is shown in Fig. 1. A pre-impregnated thermoplastic composite preform 
(thermoplastic prepreg or organic sheet) with a special mounting tongue is warmed up to the melting 
temperature of the matrix material (Fig. 1a). Subsequently, the tongue is formed around a metallic insert and 
welded to the main body of the structure (Fig. 1b). After cooling down, the insert is removed or can remain in 
the joining zone as a load application element (Fig. 1c) [11]. 
 
 
Fig. 1. Manufacturing concept of warm-shaped loop connections 
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To validate the manufacturing principle a process chain is build up in laboratory scale. The main 
component of this process is a handling frame containing a swivelling flap. The frame is used to fix the textile 
preform and to position the metallic insert at the hinge of the flap during processing. After heating (Fig. 1d) 
the frame is moved into the welding mould. During this transfer the swivelling flap is rotated for 180 degrees, 
positioning the mounting tongue on top of the composite preform (Fig. 1e). By closing the cooled metal 
mould using a pneumatic-driven press, the tongue is welded on to the main body of the structure. After 
cooling and demoulding (Fig. 1f) specimens with loop joints are extracted from the structure by water jet 
cutting. The manufacturing studies are performed using pre-consolidated organic sheets with 2 mm thickness, 
based on twill-woven glass-fibre/polypropylene hybrid yarn. The outer diameter of the insert is 10 mm. The 
specimen’s width is 40 mm and the welding zone has a length of 45 mm (Fig. 1g). 
3. Flat welding zones 
To investigate the load bearing behaviour of the manufactured loop connections quasi-static tensile tests 
are performed using an adapted grip (Fig. 2). The upper hydraulic clamp fixes the free edge of the specimen. 
An axis going through the metallic insert connects the loop edge with the lower clamp. During testing, a 
constant displacement of 2 mm/min is applied to the upper clamp. After an elastic deformation, the initial 
failure occurs in the welding zone close to the insert (Fig. 2, top right). Further deformation leads to a 
delamination spreading through the welding zone until the final failure at 10 to 13 kN loading. 
 
 
Fig. 2. Test setup during quasi-static testing (left); load bearing behaviour of specimens with flat welding zones (right) 
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For the following numerical analyses with ABAQUS-Explicit the loop connection is modelled. The mesh 
contains hexahedral elements (C3D8) for the whole body, triangular elements (C3D6) for the crotch and rigid 
shell elements for the metallic insert (Fig. 3). To reduce the amount of elements the mesh has a simple design 
that is only one element wide. The free edge of the loop connection is restrained and a constant displacement 
is applied with 20 mm/s† on the shell elements. 
 
Fig. 3. 2,5D FE-model of the flat loop connection for numerical analysis 
To describe the material behaviour of the thermoplastic composite, especially delamination and crack 
initiation, a phenomenological three-dimensional material model is used. It was developed on the basis of an 
approach recommended by Cuntze [16]. The incremental stiffness degradation of each orthotropic ply is 
described by an accumulative and mode related damage evolution [17]. The linear elastic material behaviour 
is implied by the definition of the damage strengths Rdi t/c for each direction, with t for tension and c for 
compression. The damage evolution includes the non-linear stress formation up to the final failure Rit/c. The 
















































































The required material properties and in particular the out-of-plane direction behaviour are developed [18]. 
Analogous to the results of the tensile tests, the numerical analyses show the initial failure in the crotch close 
to the insert and the crack propagation along the welding zone. The primary failure mode is the delamination 
between the plies. In the bottom right picture of Fig. 2 the grey coloured elements are part of the undisturbed 
laminate and the black elements represent the full failure in out-of-plane direction. Although the absolute 
values are not exactly the same, a comparison between the experimental and numerical load-displacement 
 
 
† The higher velocity in comparison to the tensile test has no significant influence on the behaviour of the 
material model but leads to considerably shorter computing time. 
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curves shows similar courses (cf. Fig. 2 bottom right). An approach for better curve fitting is the adaption of 
the strategy of the element erosion included in the material model. 
4. Improvement 
As the initial failure occurs in the welding zone nearby the insert, the joint design is adapted in this area in 
order to enhance the load bearing capability. Therefore, the local loads and geometry are analysed (Fig. 4). 
During the tensile test, a local peel force Fp occurs which is directed perpendicular to the plane of the 
structure, caused by the concave laminate shape nearby the insert (Fig. 4a). It leads strongly connected to the 
low strength of the laminate in out-of-plane direction to the most critical failure of loop connections [9]. 
 
 
Fig. 4. Improvement of the peel resistance of the loop connection 
In order to increase the local peel resistance the crotch angle  can be reduced as shown in Fig. 4b. 
However, this leads to an expanded crotch volume which can not be filled up with matrix material. Hence, it 
is necessary to include a drop-shaped insert, making the fabrication more complex. An alternative method is 
the directed reinforcement of the welding zone in out-of-plane direction (Fig. 4c). As classical methods of 
thickness-reinforcement like z-pinning or stitching do not work at consolidated structures an approach is the 
thermo-activated pinning technology using metal pins [12-15]. Again, additional process steps are necessary 
during manufacturing. A process-integrative method to increase the peel resistance is the profiling of the 
welding zone (Fig. 4d). By introducing an additional waviness, the peel force Fp is splitted up into a smaller 
out-of-plane tensile load Fp  and a shear load Fp||. This concept can be easily adapted into the manufacturing 
process using profiled mould cavity. Thereby, the geometry of the welding zone is basically limited by the 
maximum deformation capability of the warmed thermoplastic composite. 
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5. Profiled welding zones 
The loop connections with profiled welding zones are produced following the introduced manufacturing 
concept. As highlighted in Fig. 3d a smooth profile is chosen for the welding zone. The wave pattern is 
designed symmetrically to gain both, convex and concave specimen (Fig. 5). 
 
 
Fig. 5. Loop connection with a smooth profiled welding zone 
Due to the good draping behaviour of the twill woven textile structure, loop joints with an insert diameter 
of 10 mm can be produced reproducible. The laminate thickness, sample width and length of the welding 
zone are also equal to the flat series. 
To compare the different kinds of loop connections additional tensile tests were conducted equivalent to 
Fig. 2. It was found out, that the load-displacement behaviour of specimens with convex and concave waved 
welding zones is identical. Against this background, only the results of the convex specimens are displayed in 
Fig. 6. Comparing the specimens with flat and profiled welding zones a similar ultimate load is observed. In 
contrast to the results of flat specimens the curves of the profiled joints show no typical drops in the load-
displacement-curve. Furthermore, no delamination was visible before final failure of the joint. So, the profiled 
loops have a better joint efficiency‡ (JE).  
 
 
Fig. 6. Comparison of results of experimental tests and numerical analysis 
 
 
‡ Here, the joint efficiency is the ration between the transferred load of the joint at non-visible failure and 
the load transferred by the undisturbed laminate. 
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In addition to the numerical studies concerning the specimen with a flat welding zone, profiled loop 
connections are analysed as well. Therefore, a three-dimensional model is meshed with 70.000 hexahedral 
elements (C3D8) with a material orientation that is based on the observed fibre direction in the laminate 
(Fig. 7). The metallic insert is modelled and positioned inside the loop with defined contact interaction 
properties between the adjacent surfaces. The boundary conditions are set in relation to the experiments with 
a restraint at the free edge and the load applied to the insert as displayed in Fig. 7. 
 
 
Fig. 7. 3D FE-model of the profiled loop connection for numerical analysis 
For the simulation ABAQUS-Explicit is used. The load is applied to the model by defining a time-dependent 
displacement at the insert. To ensure a smooth quasi-static equivalent load initiation, the displacement is 
applied as a quadratic function with a slowly increasing displacement at the beginning. 
In opposition to the analyses of the flat loop joints the element deletion criteria in case of failure is 
enhanced in order to maintain residual stiffness values. When the failure criterion is reached, a directional-
dependent stiffness degradation is considered. To include this behaviour in the material model the failure is 
implied as shown in Eq. 3. In case the out-of-plane load is greater than the in-plane load, the delamination is 
described by setting the stiffness values E3, G23 and G13 to zero. Otherwise, total failure is implemented by 
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First numerical results are shown in Fig. 8. As the main load is the peeling stress appearing nearby the 
insert, the stiffness degradation in out-of-plane direction starts here and propagates through the welding zone. 
This can be interpreted as the crack formation that progresses parallel to the layer plane between two adjacent 
plies. The structural bonding in out-of-plane direction is demolished and the stiffness in this direction is 
reduced to zero. In Fig. 8a the initial failure is displayed and in Fig. 8b to Fig. 8d the propagating fracture is 
shown. The pale colour represents the elimination of the out-of-plane stiffness after reaching the failure 
criterion. So a good correlation of the calculated delamination zones could be achieved, while the model has 
to be improved concerning the final load values.  
 
 
Fig. 8. Element property degradation in out-of-plane direction (pale elements are degraded) 
6. Conclusions 
Loop connections are well known as an effective method for applying high loads locally into composite 
structures. For thermoplastic composite materials a highly efficient method for the manufacturing of loop 
joints is described. Initial processing studies demonstrate the good manufacturability of this joint concept. In 
tensile tests on loop specimen a reproducible bearing behaviour was proved. The accompanying numerical 
analyses were performed under application of a self-developed material model, whereas the chosen approach 
was well suited to describe the experimentally observed structural behaviour. 
In order to improve the structural behaviour of the loop connection further, its design was adapted by 
introducing a waved welding zone. The suitability of the adapted design was demonstrated by both, 
manufacturing and experimental studies. The profiled joints show a better joint efficiency then the flat loop 
connection. Due to their non-visible initial failure they could also show better dynamic load behaviour in 
comparison to the flat loop joints. To describe the three-dimensional failure behaviour in this complex 
geometry the used material model was enhanced by degradation instead of deletion of failed elements. The 
crack initiation and its formation in the profiled loop connection could be visualised. 
So, further development on the numerical sub-routines will focus on the behaviour of the material after 
reaching the failure criterion and on fatigue experiments. 
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